Whole bacterial cell characterization is critically important for fast bacterial identification. Surface-enhanced Raman scattering (SERS) is proven to be powerful technique to serve such a goal. In this study, the characterization of whole bacterial cells in the microwells constructed from colloidal silver nanoparticles (AgNPs) with "convective-assembly" method is reported. The proper size of the microwells for the model bacteria, Escherichia coli and Staphylococcus cohnii, is determined to be 1.2 μm from their electron microscopy images. A minimum dilution factor of 20 is necessary for the bacterial samples collected from growth media to diminish the bacterial aggregation to place the bacterial cells into the microwells. The constructed microwell structures are tested for their bacterial SERS performance and compared to the SERS spectra obtained from the samples prepared with a simple mixing of bacteria and AgNPs for the same bacteria. The results indicate that microwell structures not only improve the spectral quality but also increase the reproducibility of the SERS spectra.
Introduction
The spectroscopic characterization of biological structures such as bacterial and living eukaryotic cells as a whole is an important concept to understand not only the biochemical structure of organization in their natural environment but also cellular processes inside of living cells. The surfaceenhanced Raman scattering (SERS) is an emerging and promising technique to achieve such a goal and its potential has not fully explored to study bacterial and eukaryotic cells as whole yet. The supremacy of SERS mostly comes from its capability to provide molecular information from molecules or molecular structures located very close to nanostructured surfaces of silver or gold with a very limited influence of water, which is a significant component of biological structures.
The several groups explored the utility of SERS for bacterial characterization, discrimination and identification [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . A simple mixing of bacterial cells and colloidal nanoparticles provides a straightforward way of preparing samples. However, due to the nonuniform nature of the prepared sample with the simple mixing, the acquired SERS spectra show variation from sample-to-sample and spot-tospot on the same sample. Although there is strong evidence that the certain locations on the bacterial cell wall preferably strongly interact with AgNPs, the variations due to the sample preparation must be minimized for proper interpretation of the SERS spectra. Therefore, a more systematic approach is necessary to collect interpretable spectra from bacteria.
A patterned surface may provide a more suitable environment for bacterial cells to experience the surface plasmons of noble metal nanoparticles used to construct the patterned surfaces. The "convective-assembly" is a technique used to control assembly of nano-and micrometer size particles into two-dimensional (2D) and three-dimensional (3D) structures. The self-assembly of colloidal particles in thin evaporating films is the basis of the technique [14, 15] . During the assembly process, the small, nanometer size, gold or silver nanoparticles fill the voids around the large, micrometer size, latex particles forming a colloidal crystal.
After the assembly process is completed, the latex particles can be washed from the surface with an organic solvent. The remaining porous three-dimensional structure can be used as a SERS substrate [16] . The use of this technique was also reported to prepare coatings from sterically protected and silica-encapsulated nanoparticles and porous 3D gold structures for SERS [16] [17] [18] [19] [20] .
In this study, we prepared microwells on glass surfaces constructed from AgNPs with "convective-assembly" method. The surfaces structured with microwells were used for as a SERS substrate to characterize whole bacteria cells. The SERS spectra obtained from the bacterial cells located into microwells and simply mixed with the AgNPs for two model bacteria, E. coli and S. cohnii, were compared.
Experimental
2.1. Chemicals. AgNO 3 (99.5%) and nutrient broth were purchased from Fluka (Seelze, Germany). Sodium citrate (99%) was purchased from Merck (Darmstadt, Germany). The latex microspheres were purchased from Invitrogen (Eugene, OR) as surfactant-free white sulfate latex. Microscope slide was purchased from Citoglass (China). HPLC grade dichloromethane stabilized with ethanol was purchased from Labkim (Istanbul, Turkey).
Preparation of Colloidal AgNPs.
The colloidal AgNPs were prepared with a method reported by Lee and Meisel method [21] . In this, a 90 mg of AgNO 3 was dissolved in 500 mL of distilled water and heated until boiling. Then, a 10 mL of 1% sodium citrate solution was added into this boiling solution. This mixture was kept boiling until final volume is reached 250 mL. The obtained AgNP colloidal suspension was characterized by using UV spectroscopy and SEM. The maximum absorption wavelength of the AgNP colloidal suspension is typically at around 420 nm with an average size of 60 nm. The density of the AgNPs in the suspension was estimated as 2.0 × 10 11 particles/mL.
Colloidal Suspension
Concentration. An increased colloidal AgNP suspension concentration is required to construct the microwell structures. Therefore, a 100-fold increase in AgNP colloidal suspension concentration from its original concentration was needed. This was achieved by centrifuging a 200 mL of the AgNP colloidal suspension 5500 rpm for 30 min and removing the supernatant to leave only 2 mL of concentrated suspension. (35218 ATCC) and Staphylococcus cohnii samples were obtained from our microorganism collection (Yeditepe University, Genetics and Bioengineering Department). Before using the bacteria, their identification was verified by Sherlock Microbial Identification System version 4.5 (MIDI, Newark, Delaware). The bacteria were cultivated for 24 h at 37
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• C on nutrient broth. The collected bacteria washed three times by adding 20 mL of deionized water at centrifuging at 5000 rpm for ten 10 min and by discarding the supernatant. For the Evaporation Latex Ag NPs Figure 1 : The "convective-assembly" setup used to construct the microwells in this study.
simple mixing method, a 5 μL of each washed bacterium was added into 100 μL AgNPs suspension. Then, they were mixed with a vortex and 5 μL of this homogeneous mixture was spotted onto a CaF 2 slide. The spot was allowed to dry at room temperature about 15 min before the analysis.
Preparation of Microwells.
The AgNPs and latex micro spheres (1.2 μm) were mixed and coated onto glass slides using "convective-assembly." First, the glass slides were washed with chromic acid to clean the surface. Then, the washed slides were rinsed with deionized water and dried before coating procedure at ambient temperature. The mixture containing silver and latex nanoparticles was located at the cross-section of two glasses meeting with an angle of ∼23 and the lower glass slide fixed on the moving stage was moved with a certain speed with the help of a controller (PI, Germany). Figure 1 shows the "convective-assembly" setup. The details of the experimental setup were also explained elsewhere [22] . As different from the reported setup, the glass slide attached to the moving stage was mobile other than the glass slide placed with an angle. The concentrated AgNPs and a desired size of latex microparticle suspension can be used to construct the preferred size of microwells. Due to the size of the bacteria used in this study, the 1.2 μm latex microspheres were used to construct the microwells. The ratio of latex colloidal suspension to AgNPs was 1 : 9 in final mixture before spotting at the cross-section of two glass slides. The speed of the stage that the glass slide was placed was in the range of 1.0-2.0 μm/s.
Preparation of Bacterial Samples on Surfaces.
The initial bacterial counts were calculated with a dilution method and found as 1.3 × 10 7 and 7.4 × 10 7 CFU/mL for S. cohnii and E. coli, respectively. From this sample, 5 μL was taken and completed to 100 μL with distilled water. Then, a 2 μL-aliquot was spotted on the microwell-structured surface. This procedure generated enough bacteria in the microwells and the SERS experiments were performed on these surfaces. The area where bacterial suspension spotted remained in the range of 2.5 ± 0.4 μm ×1.5 ± 0.3 μm for both bacterial samples. The number of bacteria in each microwell changes depending on the aggregation characteristics of the bacterial cells. Since the shape of S. cohnii cells is spherical with an average diameter of 0.8 μm, it is possible to locate about 4 cells into one 1 μm size well. The shape of E. coli cells is rodlike with an average length and diameter of 1.8 and 0.9 μm, respectively. Thus, only one or two cells can fit into one Journal of Nanotechnology 3 microwell depending on the orientation of the cells. Note that the localization of the bacterial cells in the microwells seemed trivial.
Raman Instrumentation.
All measurements were performed using a Renishaw inVia Reflex Raman spectroscopy system (Renishaw Plc., New Mills, Wotton-under-Edge Gloucestershire, UK) An 830 nm laser was used for all SERS experiments. The laser power on the sample was 3 mW with a time 10 sec exposure time. The spot size of the laser is about 1 micron when the 50x (NA = 0.75) objective is used. The wavelength of the instrument was automatically calibrated using an internal silicon wafer, and the spectrum was centered at 520 cm −1 .
Scanning Electron Microscope.
The characterization of the prepared surfaces was performed with a Karl Zeiss EVO 40 model SEM instrument. The SEM images of the bacterial cells in the microwells were acquired upon drying at ambient temperature. For simple mixing experiments, the images were acquired after mixing the colloidal suspension and bacterial cells and drying on a scanning electron microscope sample stub at ambient temperature. The accelerating voltage was 10 kV for all experiments.
Results and Discussion
We previously investigated the parameters influencing the SERS spectra of bacteria when a simple mixing of bacterial cells with colloidal nanoparticles was employed as a sample preparation method [11, 12] . One of the principle requirements in a SERS experiment is to bring the noble metal nanoparticles or nanostructures close contact with molecules and molecular structures. This necessity is set by the mechanism of Raman signal enhancement due to the fact that the major contribution to the enhancement mechanism comes from the surface plasmons (SPs). Therefore, molecular structures such as bacterial cells must be at close contact with as many as noble metal nanoparticles when a noble metal colloidal suspension is used for the SERS experiment. In our earlier study, we demonstrated that increasing the colloidal suspension concentration four times (4x) improved not only the reproducibility but also the quality of SERS spectra due to the increased density of AgNPs in the sample compared to the previous reports [11] . Figure 2 (a) shows the SEM image of E. coli sample prepared with 4x colloidal suspension and Figure 2(b) shows the SERS spectra acquired from ten different spots on the sample. As seen, the AgNPs are heterogeneously distributed among the bacterial cells, which results with variations on the spectra as the laser beam is moved on the sample. The microwells are expected to provide a three-dimensional (3D) environment generating many contact points for the bacterial cells to sense the SPs, which could improve the spot-to-spot variations and obtain more reproducible SERS spectra. and microwell size (1.2 μm) can be correlated. However, the aggregation tendency of the bacterial cells influence the uniform distribution of bacterial cells in the microwells and prevents filling all microwells with bacterial cells. Therefore, a dilution step is necessary to have the bacterial cells distribute appropriately in the microwells as explained in the experimental section. Figure 4 (a) shows the SEM images of microwells containing E. coli cells. A size relationship between E. coli and microwells can also be defined based on the possible orientation of the E. coli cells in the microwells. The average size of E. coli cells is measured from their SEM images (see Figure 4 (b)) as 1.8 × 0.9 μm, length and diameter, respectively. Either 1 or 2 E. coli cells in each microwell can fit depending on the orientation of E. coli cells on the substrate surface. Although it was not possible to clearly visualize the E. coli cells in the microwells on the SEM images, the presence of bacterial cells on the substrate was confirmed with AFM as seen on Figure 4(b) . In addition, obtaining SERS spectra from the surfaces verifies the presence of the bacterial cells in the microwells. The difficulty to visualize the E. coli cell on the samples prepared with simple mixing was also observed (see Figure 2(a) ). It is important to select proper laser wavelength for good quality of SERS spectra from bacteria [12] . Efrima and Zeiri also demonstrated the influence of the laser wavelength and power on the SERS of bacteria [23] . The shift of SP excitation to longer wavelengths as the noble metal nanoparticles form aggregates is a well known phenomenon. Therefore, a longer wavelength laser is more suitable to excite the SPs of aggregated AgNPs. It was indeed a laser wavelength at 514 nm did not perform as good as a laser wavelength at 830 nm in this study. Besides, this wavelength is more suitable for study of biological samples since the damage to the sample in NIR region is limited.
Due to the noteworthy differences in both approaches, simple mixing and in microwells, it is important to understand the spectral features on the SERS spectrum generated from each method. Figure 5 shows the comparison of the SERS spectra of E. coli taken from a sample prepared with simple mixing of 4x AgNPs and in the microwells.
The comparative inspection of both spectra reveals many spectral differences. However, the major difference is observed in the region from 500 to 700 cm −1 . While the five peaks at 526, 564, 582, 610, and 664 cm −1 appear in this region on the spectra acquired from the sample prepared with simple mixing, only three peaks at 520, 571, and 621 cm −1 are observed in microwells. The peaks around 500 cm −1 on the SERS of proteins and peptides were attributed to S-S stretch [24] and the peak around 520 and 526 cm −1 on both spectra can be assigned to S-S stretch [25] . Due to the fact that thiol moieties interact strongly with AgNPs, the band shifts may be observed on the SERS spectra upon interaction of such groups on the bacterial cell wall with the AgNPs when considering the free AgNPs present upon mixing with bacterial cells. The peaks on simple mixing spectra at 564, 582, 610, and 664 cm −1 and 660 and 630 cm could be attributed to carbohydrates [26] and COO − [27] , respectively. Note that we earlier determined that the source of spectral features was originating from the bacteria [28] . However, as seen above, even with the use of same laser and type of the NPs, variations on the spectral features are observed. Figure 6 shows the comparison of SERS spectra of S. cohnii obtained from a sample prepared simple mixing of 4x AgNP colloidal suspension and in the microwells. As seen, the SERS spectra obtained from the samples prepared with simple mixing and adding into the microwells are strikingly similar. This similarity can be explained with the Journal of Nanotechnology bacterial cell wall structures as well. S. cohnii is a Grampositive bacteria and its cell wall biochemistry is completely different compared to Gram-negative bacteria. The outer wall structure is composed of a thick peptidoglycan structure that is rich in N-acetyl D-glucoseamine (NAG). In addition, this strong structure peptidoglycan structure has a more uniform structure compared to Gram-negative bacterial outer cell wall. The similarity of the spectra may refer to the uniform wall structure of this bacterium. The peaks appearing on the SERS spectra can be assigned to similar bond vibrations as they are in SERS spectra of E. coli. The biochemical structures giving rise to the peaks on the SERS spectra of bacteria are not clearly known yet. There are a number of parameters influencing the spectra of bacteria imposed by the nature of the microbiological materials and the technique. There are several reports from sample preparation to experimental conditions such as laser wavelength, nanoparticle, and substrate type addressing the source of the variations on the SERS spectra of microorganisms [12, 23, [28] [29] [30] . From these studies, it is clear that a well-defined protocol is necessary for reproducible and interpretable results.
In order to demonstrate the spot-to-spot reproducibility, several spectra were acquired from different location on the same sample. Figures 7(a) and 7(b) shows reproducibility of SERS spectra of E. coli and S. cohnii, respectively. The percent coefficient of variation (CV), which is defined as standard deviation (s)/mean (χ) × 100, can be used to quantify the variation in SERS spectra of the bacteria obtained from the samples. The CV using peak height, absolute intensity, and peak area can be calculated at every frequency for a number of spectra. Either a %CV value at a certain frequency or an average from the calculated %CV at every frequency can be calculated for the quantification of variation. In this study, we used the peak height, absolute intensity, and peak area at around 737 cm −1 to express the reproducibility of the spectra through the %CV values. The %CV for the E. coli in the microwells using the peak height, absolute intensity, and peak area was calculated as 12, 10, and 10, respectively. However, the %CV with simple mixing method was 17, 18, and 19, respectively. The %CV for the E. coli sample prepared with "convective-assembly" process using the peak height, absolute intensity and peak area was calculated as 9, 8, and 8, respectively. The %CV for S. cohnii in microwells was 2, 1, and 5, respectively, but it was 12, 11, and 15, respectively, for simple mixing. The %CV for the S. cohnii sample prepared with convective assembly process using the peak height, absolute intensity, and peak area was calculated as 6, 6, and 7, respectively. When the two sample preparation methods are compared, the reproducibility of SERS spectra for E. coli is quite similar. However, in this method the reproducibility of the SERS spectra for S. cohnii is higher than the sample prepared with convective assembly method. With the simple mixing, the %CVs of both bacteria are very similar. However, the reproducibility of the spectra of the S. cohnii acquired in the microwells was more reproducible than the E. coli due to the size and shape related homogeneity of the cells in the microwells. The shape of the prepared wells is spherical, which is similar in size and shape of S. cohnii and they can enter into the wells easily and homogeneously. However, E. coli is rod-shaped and its entrance into the wells is hindered. Therefore, the improvement of the reproducibility is lower for the E. coli. This can be easily concluded from Journal of Nanotechnology
The improvement in percent CV in microwells is higher than 40% for E. coli and 70% for S. cohnii compared to the simple mixing with 1x colloidal AgNP suspension. The improvement in CV of peak height, area, and absolute intensity was in the range 60-63% for E. coli and 58-61% for S. cohnii from the sample prepared with 1x colloidal suspension to the sample prepared with "convective-assembly." When the results of this study are compared to our previous study using "convective-assembly" [13] , the improvement in reproducibility is rather similar.
Conclusion
In this study, the utility of microwell structures constructed from AgNPs for whole bacterial characterization using SERS and an analysis of the obtained bacterial SERS spectra for possible discrimination or identification is demonstrated. Since the size of majority of clinically important bacteria is already known, the SERS substrates with different size of microwells can be preprepared. As the AgNPs form organized aggregates in the well structure, the SP excitation wavelength shifts to longer wavelength. Therefore, a longer wavelength laser light is a proper choice for better quality of bacterial SERS in the prepared structures. The placement of bacterial cells in microwells significantly improves the reproducibility of the SERS spectra of bacteria used in this study. Thus, the SERS spectra can be used for fast bacterial identification.
